Prediction of materials reliability requires a physical understanding of the failure process. In the case of void-dominated ductile failure, this includes an understanding of the processes and dominant microstructural variables that lead to void nucleation, growth, and coalescence.
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Mechanistic descriptions of void-dominated ductile failure are largely based on studies from several decades ago that relied on optical microscopy techniques [1] [2] . This talk will discuss how modern techniques, such as scanning electron microscopy (SEM), electron backscattered diffraction (EBSD), site-specific focused ion beam (FIB) sample preparation, and transmission electron microscopy (TEM), can enable new insight into the ductile failure process, particularly at the nano to microscale. Because this work is part of a collaborative effort to develop predictive computational models for failure of BCC metals, experiments are focused on characterizing the void-dominated ductile failure process in pure Ta.
In metal alloys the initiation of voids is primarily driven by decohesion at second-phase particles or inclusions [3] [4] [5] . However, in pure ductile metals where these particles and inclusions are not present, such as in the 99.9% Ta used in this study, the process is inherently different. Initial tensile deformation experiments and post-mortem fractography as noted in Figure 1 show that Ta exhibits significant ductility, but with a valley and ridge surface [6] instead of the classic hemispherical dimpling commonly observed in ductile metal alloys [7] . Through SEM analysis of the fracture surfaces, it was determined that the mating fracture surfaces were mirrored: valleys mated to valleys, and ridges mated to ridges. Thus the deformation was void dominated, but the mechanism of void initiation was unclear.
To further study the void initiation process in Ta and the progression of damage towards failure, interrupted tensile specimens as a function of percent remaining strength were prepared. By polishing the samples to their mid-plane as seen in Figure 2a , where triaxial stresses are highest and thus voids likely to be present, we studied the progression of void structures as a function of strain. Using EBSD analysis to characterize local misorientations in voided regions, we determined that voids in Ta are formed within grains, as opposed to at grain boundaries, along bands of high misorientation with respect to the tensile axis. Figure 2b shows elongated, inclined [001] subgrains alternating with regions of [122] associated with voids in a Ta tensile bar elongated to 60% remaining strength. We hypothesize that the dislocation processes giving rise to localized regions of high misorientation within grains are promoting the collection of vacancies, thus inducing void nucleation. This hypothesis is being further explored through site-specific FIB sample preparation and TEM analysis of dislocation structures in deformed Ta samples. Orientation color key is given in the stereographic triangle. Here, orientations were plotted with respect to the tensile axis.
the groundwork for future improvements in failure modeling of tantalum and other metals that fail by a similar process.
Tantalum, a body-centered-cubic (BCC) refractory metal, is often studied for its high-temperature behavior, or its behavior under shock loading conditions. [18] [19] [20] The current study seeks to evaluate the failure process of tantalum under low rate loading at room temperature both as a means to understand the material's reliability for applications where these environments are relevant, and as a point of departure to later examine highertemperature behavior. Tantalum possesses good ductility at room temperature and maintains modest ductility even down to cryogenic temperatures. [21, 22] In contrast, tungsten, which is also a BCC refractory metal and tantalum's neighbor on the periodic table, is brittle at room temperature failing by a low-energy cleavage process. Under dynamic loading, tantalum fails by a spallation process which progresses by the nucleation of distributed nanoscale voids, followed by void growth and link-up of clusters of voids. [19, 20] To further motivate the current study, a preliminary observation of the fracture surface of tantalum was compared with classic ductile, dimpled rupture morphology (Figures 1(b) and 2 ). This examination of the fracture surface of pure tantalum loaded in quasistatic tension calls into question the validity of traditional void coalescence models for ductile fracture for this material. As shown in Figure 2 (a), tantalum deformed quasistatically at room temperature is clearly ductile when loaded in tension, exhibiting a 92 pct reduction in area before separation. However, the fracture surface bears little resemblance to typical ductile dimples associated with void coalescence, such as those shown for 304L stainless steel in Figure 1(b) . Ductile dimples are typically hemispherical in nature. [2, 6] However, in tantalum, a series of elongated ridgelines and valleys form in the fracture surface. The ridgelines typically range from 10 to 50 lm long, much larger than typical ductile dimples. Also, broad, nearly planar facets form between ridges and valleys, reminiscent of brittle cleavage or intergranular decohesion. Finally, a serrated thin film extends along many of the ridgelines, (arrows in Figure 2 ). From these observations, the question arises as to whether tantalum fracture is associated with a conventional ductile void coalescence mechanism, or some other mechanism.
II. EXPERIMENTAL PROCEDURE
Several techniques were used to observe the failure process in tantalum. These techniques included in situ deformation experiments in the scanning electron microscope (SEM) to observe surface slip, crack nucleation, and crack propagation; ex-situ tests where the tensile test was interrupted in the necking regime; and metallographic cross sections that were examined both optically, using the SEM, and using electron backscatter diffraction (EBSD). In addition, the fracture surface was examined post-mortem in the SEM, and focused ion beam cross sections of the fracture surface features were examined using both SEM and the transmission electron microscope (TEM).
A. In Situ SEM Tensile Experiments
Annealed 99.9 pct tantalum sheet material was procured from Goodfellow Corporation (Oakdale, PA) with dimensions of 300 9 300 9 1. [1] , (b) secondary electron SEM image of ductile dimples formed on the fracture surface of 304L stainless steel during room temperature quasistatic loading, (c) Sawtooth-type final rupture observed with in situ TEM of high-purity gold at a loading rate ranging from 1 to 10 lm/s from the 1983 study of Wilsdorf [8] .
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